The discovery of new viruses currently outpaces our capacity for experimental examination of infection biology. To better couple virus discovery with immunology, we genetically modified zebrafish to visually report on virus infections. After generating a strain that expresses green fluorescent protein (GFP) under an interferon-stimulated gene promoter, we repeatedly observed transgenic larvae spontaneously expressing GFP days after hatching. RNA sequencing of GFP-positive zebrafish revealed a picornavirus distantly related to known viruses. We detected this virus in publicly available sequencing data from seemingly asymptomatic zebrafish in research institutes world-wide. These data revealed widespread tissue tropism and identified the clonal CG2 strain as notably vulnerable to picornavirus infection. Infection induces the expression of numerous antiviral immune defense genes in zebrafish, an effect also evident in public data. Our study describes a prevalent picornavirus that infects zebrafish, and provides new strategies for simultaneously discovering viruses and their impact on vertebrate hosts.
Introduction
Viruses are estimated to outnumber their cellular hosts in most environments (Cobian Guemes et al., 2016; Suttle, 2005) , indicating that animals regularly encounter and interact with viruses. The ubiquity of viruses is demonstrated by the widespread success of virus discoveries made through metagenomic sequencing of animal feces and tissues (Li et al., 2010; Shi et al., 2018 Shi et al., , 2016 . While surveys of virus prevalence in animals can reveal close associations, most metagenomic virus discovery studies are agnostic as to how, or even if, the virus and animal interact. Metagenomic investigations of animals with undiagnosed disease have resulted in discoveries of new viruses as the causal agents (Finkbeiner et al., 2008; Greninger et al., 2009; Lysholm et al., 2012) , thereby establishing a particularly strong link between virus and host. However, the high frequency at which viruses are discovered in asymptomatic hosts suggests that extreme disease phenotypes result from only a small fraction of virus-host interactions.
Most consequential interactions between viruses and animals involve host immune responses. Thus, one sensitive strategy for discovering previously unknown viruses with clear host interactions is to select for engagement of antiviral immune responses instead of overt disease. While typically invisible, antiviral immune responses can be visualized in some live hosts with the genetic tools that are available for a growing collection of experimentally accessible organisms (Lienenklaus et al., 2009; Palha et al., 2013) . Furthermore, carrying out virus discovery in research organisms holds the potential for developing new tractable systems for studying host-virus interactions, as demonstrated through metagenomics approaches in worms, flies, and mice (Felix et al., 2011; Roediger et al., 2018; Webster et al., 2015) .
Virus discovery in vertebrates has predominantly been carried out in mammals (Olival et al., 2017) , but recent wide-ranging metagenomic surveys revealed that fish are infected by an extensively overlapping set of diverse virus families (Geoghegan et al., 2018; Shi et al., 2018) . Viruses discovered in fish can therefore illuminate facets of virus and host biology that are shared across a much wider interval of evolutionary history than traditionally considered. Additionally, increasing our knowledge of the viruses that infect fish is an important goal for improving marine aquaculture systems that increasingly play a central role in emerging food supply challenges (Gentry et al., 2017) .
Zebrafish are versatile research organisms that can be experimentally infected with viruses from heterologous fish and mammals (Palha et al., 2013; Phelan et al., 2005; Sanders et al., 2003) . Larvae are mostly transparent, allowing for the visualization of antiviral immune responses in live transgenic animals (Palha et al., 2013) . Two naturally occurring viruses have been detected in diseased adult zebrafish from a research facility and the pet trade (Bermudez et al., 2018; Binesh, 2013) , and a third virus was recently discovered from an asymptomatic adult (Altan et al., 2019) . These observations highlight the possibility that zebrafish regularly interact with viruses even in carefully maintained environments like research facilities, which might manifest in the induction of host antiviral signaling.
To advance the visualization of immune responses as a tool for virus discovery, we generated transgenic zebrafish that report on antiviral interferon signaling. We observed seemingly spontaneous induction of the reporter in zebrafish larvae during normal rearing in our research facility. With RNA-sequencing, we discovered a picornavirus in animals exhibiting antiviral immune responses that was distantly related to all other picornaviruses known at the time of discovery. Beyond our research facility, we found virus reads in RNA-sequencing datasets derived from zebrafish housed in research institutions around the world. Most notable were virus matches in datasets from a recently acquired wild zebrafish and striking levels of picornavirus from a clonal laboratory line (CG2), pointing to both natural and immunocompromised hosts. Finally, we begin to connect our analysis of virus burden with a previously unrecognized and substantial effect on host gene expression enriched for antiviral immune responses in otherwise apparently asymptomatic hosts.
Results

Spontaneous induction of interferon responses in zebrafish larvae
We generated transgenic zebrafish that report on interferon signaling to visualize antiviral immune responses in live animals. Interferons are signaling proteins that induce the expression of hundreds of genes collectively termed interferon-stimulated genes, the products of which provide the main antiviral immune defenses in vertebrates (Secombes and Zou, 2017) . The promoter from zebrafish interferon-stimulated gene 15 (isg15) was cloned upstream of the coding sequence for GFP in a construct that also drives constitutive GFP expression in the heart, which was inserted into the genome by Tol2 transposon-mediated transgenesis ( Figure 1A ). As in other vertebrates, the zebrafish isg15 promoter contains regulatory transcription factor binding site motifs called interferon-stimulated response elements (Seppola et al., 2007) . To test the interferon responsiveness of isg15:GFP animals we cloned the coding sequence for a type I interferon (ifnφ1) into an expression plasmid ( Figure 1B ) and injected this construct into transgenic animals. Most untreated animals exhibited GFP expression that was restricted to the heart, which confirmed that they carried the transgenic insertion ( Figure 1C ). In contrast, animals treated with interferon expressed GFP broadly ( Figure 1D and Video 1), demonstrating that the isg15:GFP transgenic animals provide a conspicuous readout for antiviral immune signaling.
We were surprised to observe that some untreated isg15:GFP transgenic fish spontaneously expressed GFP in multiple tissues by eight days post-fertilization (8dpf), which typically occurred at low frequency among animals from clutches in shared environments ( Figure 1E ). The distribution of spontaneous expression across multiple independent clutches was skewed towards low frequencies but varied widely ( Figure   1F ). Spontaneous GFP expression in isg15:GFP animals was most evident in tissues exposed to the environment, particularly the intestine and other epithelial surfaces ( Figure 1G ).
Discovery of a picornavirus from zebrafish exhibiting antiviral immune responses
We hypothesized that the spontaneous GFP expression we observed in isg15:GFP animals reflected instances of virus infection. To identify prospective viruses, we isolated RNA from GFP-positive and GFP-negative isg15:GFP and wild type (WT) animals for RNA-sequencing (RNA-seq), generating approximately 175 million reads.
We assembled reads that did not map to the zebrafish genome into approximately 750,000 larger contigs and assigned a preliminary species identity for each contig by Figure 1. Induced and spontaneous GFP expression in transgenic zebrafish that report on interferon signaling. (A) Transgenic animals were generated with a Tol2 transposon construct bearing the promoter from isg15 fused to the coding sequence for GFP along with a heart-specific (cmlc2) transgenesis marker in the opposite orientation. (B) Illustration of the construct used to drive type I interferon expression in zebrafish, with IFNφ1 driven by the CMV promoter. (C) An untreated isg15:GFP zebrafish at 8dpf. (D) An IFNφ1-treated isg15:GFP zebrafish at 8dpf. (E) Illustration of a dish of untreated isg15:GFP zebrafish larvae in which spontaneous GFP expression was observed. (F) Frequency at which spontaneous GFP was observed across independent clutches of isg15:GFP zebrafish. Each dot represents the percent of larvae within a clutch that spontaneously expressed GFP. (G) An untreated isg15:GFP zebrafish that spontaneously expressed GFP at 8dpf. All microscope images are maximum intensity projections of confocal Z-stacks. Scale bars are 500µm, dpf: days post fertilization.
taking the best hit from nucleotide or amino acid sequence similarity searches. The majority of these contigs (95%) were most similar to zebrafish sequences (Figure 2figure supplement 1), which evidently failed to map to the zebrafish genome as individual reads during alignment. Contigs with similarity to bacteria sequences were mostly from genera that are known constituents of the zebrafish microbiome (Roeselers et al., 2011) . One contig 1,182bp in length had 33% amino acid identity (e-value 5x10 -40 ) to the helicase of rosavirus 2, a picornavirus recovered from humans (Lim et al., 2014) . No other contigs had significant similarity to known exogenous viruses.
We used the contig sequence with similarity to rosavirus 2 to design rapid amplification of cDNA ends (RACE) experiments that we carried out with cDNA template from spontaneously GFP-positive isg15:GFP animals. We used the resulting sequences to assemble a non-segmented positive-sense RNA genome of approximately 8kbp that encodes a polyprotein with features that are characteristic of picornaviruses ( Figure 2A ). Sequences in the 5' UTR showed evidence for strong local secondary RNA structures. An IRES was predicted within the 5' UTR, although no sequence similarity between the 5' UTR and the IRES elements of other picornaviruses was observed. The structural and some nonstructural genes have sequence similarity to other picornaviruses, but portions of the genome do not share significant nucleotide or amino acid sequence similarity with anything and lack recognizable protein domains.
These observations indicate that the virus we identified from isg15:GFP animals is distantly related to known picornaviruses. Subsequent to our sequence analyses described above, a contemporaneous study published a picornavirus sequence that was obtained through metagenomic sequencing of enriched viral capsid-protected nucleic acids from the intestine of an asymptomatic adult zebrafish (Altan et al., 2019) . The authors of the study called this virus strain Zebrafish picornavirus (ZfPV), which is 97% identical to the nucleotide sequence of the virus that we assembled from isg15:GFP larvae. We describe the picornavirus in the present study as ZfPV for the sake of consistency.
To assess the evolutionary relationship of ZfPV to other members of the Picornaviridae family, we performed phylogenetic analyses including at least one species from all ratified picornavirus genera (Zell et al., 2017) and all available Dashed lines indicate approximate cleavage positions within the polyprotein. Green and purple colors denote regions that have homology to other picornaviruses. Grey regions lack recognizable protein domain structures and do not share sequence similarity with any other organism. Names in boxes are based on similarity to other picornavirus proteins or are inferred based on the conserved nature of picornavirus genome structures. Numbers below the boxes refer to nucleotide positions. (B) Maximum clade credibility tree of picornavirus 3C and 3D amino acid sequences. Branches are colored based on the group of vertebrates that serve as hosts. Most nodes were strongly supported, with posterior probabilities >0.90 (values not indicated in the tree for clarity). Nodes with weaker support, (<0.90) are highlighted in the tree with their estimated support. Scale is in expected number of substitutions per site. sequences from picornaviruses that have been isolated from fish ( Figure 2B ). Bayesian and maximum likelihood phylogenies were largely congruent (Figure 2 -figure supplement 2). We identified a large clade of viruses that appears to be fish-specific, which does not include ZfPV. ZfPV is part of a clade of viruses that infect a mixture of other vertebrate groups. The examples of incongruities between viruses and host groups in this phylogeny are consistent with patterns of virus host switching, which was previously estimated to occur frequently in picornavirus evolution (Geoghegan et al., 2017) .The Wenling triplecross lizardfish picornavirus is the sister species to ZfPV in this phylogeny, although they only share 36% amino acid identity in a pairwise alignment of 3CD and are therefore only distant relatives ( Figure 2 -figure supplement 3) . Overall, these observations demonstrate that ZfPV is highly diverged from the other picornaviruses that are currently known.
Widespread prevalence of ZfPV in publicly available zebrafish RNA-seq datasets
Our observations of spontaneous induction of GFP expression in independent clutches of isg15:GFP larvae were made separately over the course of several months ( Figure 1F ), which indicates that ZfPV is endemic to our research facility. We surveyed the prevalence of ZfPV in other research facilities by searching for ZfPV reads in zebrafish RNA-seq datasets in the Sequence Read Archive (SRA). Our search revealed widespread prevalence of ZfPV in research facilities around the world ( Figure 3A ). ZfPV reads were identified in RNA-seq datasets derived from a variety of zebrafish strains that were housed in various locations. We were particularly interested by the identification of ZfPV reads in a dataset (SRR891512) from a zebrafish line called Assam that appears to have been recently caught from its natural habitat in Northeastern India or was recently derived from the wild (Patowary et al., 2013; Sharma et al., 2019) . The identification of ZfPV reads from a zebrafish that was either recently caught or derived from the wild supports the possibility that ZfPV also infects zebrafish in natural habitats.
The widespread prevalence of ZfPV in zebrafish datasets indicates that zebrafish are commonly infected. To assess potential host range beyond zebrafish we searched for ZfPV in all available datasets in the SRA from fish intestinal tissues, which included Locations of institutions that have submitted zebrafish RNA-seq projects to the Sequence Read Archive (SRA) that contain reads from ZfPV. Red dots denote locations in which ZfPV reads were identified in the SRA. The blue dot denotes the location of the present study where ZfPV was initially discovered. The purple dot denotes the location of a contemporaneous study where ZfPV was also discovered (Altan et al., 2019) . Names next to the dots refer to the strain of zebrafish that was sequenced. (B) Number of ZfPV reads normalized by library size that were identified in the SRA from adult tissues. Each dot represents a single sequencing sample. The percentage of SRA samples that contained ZfPV reads and the total number of samples that were searched for each tissue are shown beneath the plot. 775 RNA-seq datasets from more than 100 species of fish and found no evidence for ZfPV in these hosts (Figure 3 -figure supplement 1), demonstrating that ZfPV is specific to sequencing datasets from zebrafish among all fish species currently represented in the SRA.
We identified ZfPV in RNA-seq datasets that were derived from several different zebrafish tissues, which allowed us to evaluate the tissue tropism of the virus. The intestine had the highest number of virus reads ( Figure 3B ), which is consistent with complementary in situ hybridization analyses (Altan et al., 2019) and indicates that ZfPV may predominate as an enteric virus. However, we also observed ZfPV reads in datasets from several additional tissues, including those exposed to the environment such as the gills and skin but also internal tissues including the brain. In contrast, no virus reads were identified in datasets from eggs or testis. These patterns suggest that ZfPV may disseminate from the intestine to a variety of other tissues.
The CG2 zebrafish strain harbors higher levels of ZfPV than WT animals
Two SRA datasets from BioProject PRJNA280983 (Dirscherl and Yoder, 2015) stood out during our survey for ZfPV in that they had exceptionally high numbers of virus reads ( Figure 4A ). These datasets were derived from the clonal CG2 strain of zebrafish (Mizgirev and Revskoy, 2010) , and are not plotted in Figure 3B because they were generated from a mixture of tissues. The CG2 strain is genetically distinct from Tubingen and other WT lines in that CG2 animals harbor an alternative Major Histocompatibility Complex (MHC) haplotype, which has previously been predicted to confer differences in immunity-related phenotypes (Dirscherl and Yoder, 2015; McConnell et al., 2016 McConnell et al., , 2014 . When we aligned reads from the two CG2-derived datasets to the ZfPV genome we recovered the entire genomic sequence up to nearly 165X coverage ( Figure 4A , and GenBank accession number TPA: BK011179).
In comparison to the CG2 datasets, the majority of RNA-seq datasets that we queried in the SRA either had no ZfPV reads or very few reads relative to the total ( Figure 3B ). This is perhaps not surprising given that all of these datasets were generated to investigate host gene expression, and that virus RNAs typically account for a miniscule fraction of the total RNAs extracted from vertebrates for metagenomic sequencing (Geoghegan et al., 2018; Shi et al., 2018) . To illustrate the relative rarity of virus reads even in the tissue with the highest ZfPV signal, we combined all 12 intestine-derived datasets that contained ZfPV reads from WT animals (Tubingen strain) and aligned these to the ZfPV genome. In contrast to the two CG2 datasets, aligning all 12 ZfPV-positive WT intestine datasets yielded low coverage across the ZfPV genome, with some regions that lacked coverage altogether ( Figure 4A ).
The higher degree of ZfPV coverage we observed for reads from CG2 datasets compared to WT datasets led us to hypothesize that the CG2 strain might harbor higher levels of virus than WT animals. To test this hypothesis, we isolated intestines, gills, and brains from adult CG2 and WT animals, extracted RNA, and generated cDNA to measure virus levels by quantitative real-time PCR. We detected ZfPV in the intestines and gills of every animal included in these experiments, reinforcing the seemingly ubiquitous nature of this virus in research facilities ( Figure 4B ). In support of our hypothesis, we observed higher levels of ZfPV in CG2 for all three tissues surveyed, including the brain where virus was only detected in CG2 animals. These data indicate that the large number of ZfPV reads that we observed in RNA-seq datasets from a CG2 animal appears to reflect a trend for the clonal and potentially immunocompromised strain, highlighting host genetic variation influencing virus levels.
ZfPV infection alters gene expression in isg15:GFP and SRA RNA-seq datasets
We discovered that isg15:GFP animals were infected through observing induction of GFP expression, which established that ZfPV elicits a host immune response. To comprehensively quantify the effects that ZfPV infection has on host gene expression, we compared gene expression levels in spontaneously GFP-positive isg15:GFP animals to isg15:GFP and WT animals from the same clutches that were GFP-negative. From the same RNA-seq reads that we used to discover ZfPV, we identified more than 500 host genes (at an adjusted p-value of less than 0.05) induced by at least two-fold in virus-infected isg15:GFP animals compared to uninfected animals ( Figure 5A ). The most significant functional classes that were enriched among genes induced by infection were related to interferon signaling and defensive responses against viruses ( Figure 5 -figure supplement 1) . These results reveal that beyond the induction of isg15:GFP, naturally occurring picornavirus infections elicit extensive antiviral transcriptional responses in zebrafish larvae.
To extend our analysis of ZfPV-induced genes to previously published RNA-seq datasets from fish not previously known to contain virus, we searched for datasets with biological replicates that vary in the presence of ZfPV. We performed differential gene expression analyses with data from a developmental time course (White et al., 2017) by comparing multiple 5dpf replicates that contained ZfPV reads to replicates that did not, and identified a set of genes that were significantly induced in the replicates positive for ZfPV ( Figure 5B) . Of the 13 genes significantly induced by ZfPV in 5dpf larvae, 12 were also induced in ZfPV-positive 8dpf isg15:GFP larvae ( Figure 5C ). Furthermore, none of these genes were significantly induced in 5dpf larvae that were infected with the replicates that contained ZfPV reads compared to replicates that did not from BioProject PRJEB12982. Genes that were differentially expressed greater than 2-fold with adjusted p-values less than 0.05 are plotted in red. (C) Comparison of differential gene expression between 8dpf and 5dpf animals for all genes induced by ZfPV in 5dpf animals.
Discussion
Several metagenomic surveys revealed that members of Picornaviridae infect diverse fish and other vertebrate species (Geoghegan et al., 2018; Shi et al., 2018; Zell, 2018) , but experimental studies of picornaviruses are so far restricted to mammals. In combination with the wealth of tools developed in a productive history of experimental work with mammalian picornaviruses, our discovery in zebrafish provides a new system for investigating the biology of picornaviruses in a non-mammalian vertebrate host.
By carrying out virus discovery in a widely used research organism, we were able to extend our discovery of ZfPV in zebrafish larvae from our research facility to locations around the world. Our observation of virus reads in a zebrafish from India supports the idea that ZfPV circulates in the wild. This provides the opportunity to study natural viruszebrafish interactions and build on previous in vivo studies of zebrafish infections by several viruses isolated from other organisms (Van Dycke et al., 2019; Varela et al., 2017) . While definitive classification of ZfPV as a virus that infects wild zebrafish awaits direct sampling of animals in natural habitats, the widespread prevalence of ZfPV in research facilities alone offers the possibility of studying host-virus evolution in a variety of controlled environments.
One of the notable findings from our study was the exceptional number of virus reads in datasets from the CG2 strain of zebrafish ( Figure 4A ). This observation led us to survey ZfPV levels in tissues that we extracted from several CG2 and WT adult animals, which revealed that ZfPV levels are regularly higher in the CG2 strain than in WT animals ( Figure 4B ). WT and CG2 animals are genetically distinct in at least one important way: WT animals carry a heterogenous mix of distinct MHC core haplotypes and CG2 animals are homozygous for a single core MHC haplotype (McConnell et al., 2014) . Variation at the MHC locus is known to alter susceptibility to infectious diseases in mammals, birds, and fish (Grimholt et al., 2003; Hunt et al., 2010; Matzaraki et al., 2017) , and zebrafish genomes contain extensive MHC gene diversity (McConnell et al., 2016) . Thus, our observation that the CG2 strain tends to harbor higher levels of ZfPV than WT animals expands on our discovery of a new virus by revealing candidate host factors that influence susceptibility to infection.
ZfPV appears to infect primarily as an enteric pathogen of zebrafish, but the full range of tissue tropism is complex ( Figure 3B ). This is common for picornaviruses as exemplified by poliovirus, which is thought to primarily cause gastrointestinal infections in humans but can then spread to the blood and occasionally other tissues including the central nervous system in a manner that is influenced by the host immune system and other factors (Racaniello, 2006) . Our observations are consistent with this pattern for ZfPV, which we detected at the highest levels in the intestine but also in several other tissues including the brain ( Figure 3B ). Intriguingly, we detected ZfPV in brain tissue that we collected from CG2 fish but not from WT fish ( Figure 4C ). We interpret this expanded tissue tropism as linking the susceptibility of the CG2 strain to a dynamic infection process that involves both virus and host factors.
The ZfPV genome encodes several predicted proteins that lack recognizable sequence similarity to any known protein or functional domain. Picornaviruses are known to inhibit host interferon responses in mammals in part by directly cleaving ISG15 (Swatek et al., 2018) , and we therefore suspect that ZfPV proteins interact with specific members of the teleost fish interferon system. In addition to yielding insights into the functions of picornavirus proteins in this system, investigating the non-coding regions of the genome could provide new molecular tools for understanding the functions of proteins. An internal ribosome entry site (IRES) and a 2A "self-cleaving" peptide from mammalian picornaviruses are both widely used tools in molecular biology (Parks et al., 1986; Ryan et al., 1991) , and analogous functions with distinct applications might be encoded the ZfPV genome.
Many of the strengths of the zebrafish model system for studying host-pathogen interactions lie in the transparency and small size of larval animals (Levraud et al., 2014; Tobin et al., 2012) , which is the life stage from which we discovered ZfPV. In a study contemporaneous with ours, Altan and colleagues identified a virus in zebrafish gut tissue in a metagenomic investigation of an asymptomatic adult individual (Altan et al., 2019) . The genomic sequence for this virus exhibits 97% nucleotide identity with the picornavirus we discovered and therefore appears to be the same species. We observed ZfPV infections in both adult and larval animals, opening up multiple levels of experimental opportunities for studying the dynamics of infection. Furthermore, our work is unique in revealing both virus and its effects on host biology.
This study highlights a set of ZfPV-induced host genes that encode for proteins with a clear signature of interferon-and virus response-related functions. The possibility that unrecognized infections by naturally occurring viruses might cause unexplained variation in experiments with zebrafish has been a longstanding concern (Crim and Riley, 2012). We observed gene expression differences within experimental replicates in previously published RNA-seq datasets likely caused by the presence of ZfPV ( Figure   5B ), which supports the idea that unrecognized virus infections contribute to experimental variation in zebrafish studies. The full range of effects that ZfPV might have in zebrafish gene expression studies is unclear, as the majority of RNA-seq experiments in the SRA do not include enough replicates with and without virus reads to quantify significant differences. However, monitoring the presence of ZfPV in future zebrafish gene expression studies to account for host responses to cryptic infections should now be straightforward.
ZfPV is likely one of many viruses circulating in zebrafish populations, and isg15:GFP fish could be useful sentinels for discovering additional viruses that infect zebrafish from a variety of environments. Variations on this strategy could lend further sensitivity and versatility to the discovery process, such as through the combinatorial use of promoters that report on distinct aspects of infection or by generating reporters in immunocompromised host backgrounds. More generally, our study outlines an adaptable strategy that could be deployed in many organisms to illuminate the ubiquitous but typically invisible engagements between viruses and hosts.
Materials and methods
Fish maintenance and transgenesis
Zebrafish (Danio rerio) were maintained in accordance with approved institutional protocols under the supervision of the Institutional Animal Care and Use Committee (IACUC) of the University of Utah, which is fully accredited by the AAALAC. Wildtype zebrafish were from the Tubingen (Tu) strain. Embryos were collected following natural spawning, maintained at 28.5ºC in E3 embryo medium (Westerfield, 2007) . CG2 zebrafish (Mizgirev and Revskoy, 2010) were a gift from David Langenau and were euthanized upon arrival at the University of Utah from the Massachusetts General Hospital. Tg(isg15:GFP) zebrafish were generated with the Tol2kit as previously described (Kwan et al., 2007) . A fragment containing 3.4kbp upstream of the start codon of isg15 along with the first 9bp of coding sequence was amplified from Tu genomic DNA using primers isg15_pro_F1 isg15_pro_R1 (Supplemental file 1). This fragment was cloned into a Gateway construct and fused in frame with GFP with the Tol2kit. 30pg of the isg15:GFP DNA construct was injected in Tu embryos at the onecell stage along with 25pg of transposase RNA. Three stable independent lines were generated and are collectively referred to as isg15:GFP animals in the text.
Microscopy
Transgenic animals were identified and maintained by screening for GFP expression in the heart using an Olympus SZX12 stereo microscope outfitted with a 100W mercury bulb fluorescent light source (Olympus). The same microscope was used to observe induced and spontaneous GFP expression in isg15:GFP animals. For imaging, live 8dpf isg15:GFP animals were anaesthetized with tricaine and mounted in 1% low melt agarose. Animals were imaged using a Nikon A1 laser scan confocal microscope (Nikon Instruments) with an NA 0.45/10x objective. A 20µm step series to a depth of 160µm was acquired using a 48µm pinhole size at a resolution of 0.4 pixels per µm.
Induction of type I interferon expression
The coding sequence of ifnφ1 (NM_207640.1), a type I interferon (Hamming et al., 2011) , was synthesized and cloned downstream of a CMV promoter into the pCS2+ vector backbone. 50pg of plasmid was injected in isg15:GFP embryos at the single cell stage to induce interferon signaling. Animals were screened for GFP expression at the end of the first day and then daily up to 9dpf. Transgenic animals from the same clutches that were not injected were screened over the same period of time.
Quantification of spontaneous GFP expression
Transgenic isg15:GFP embryos were collected following natural spawning and maintained at 28.5 ºC in E3 embryo medium. Embryos were not bleached and hatched naturally. They were screened daily with a fluorescent stereo microscope for GFP expression outside of the heart (which expresses GFP constitutively) up to 9dpf.
Animals that expressed GFP spontaneously were first observed at 8dpf. To quantify the frequency of spontaneous GFP expression animals were anaesthetized with tricaine on 8dpf or 9dpf. The number of GFP-positive and GFP-negative animals were counted for each clutch by manually inspecting each individual. There were approximately 200 individuals per clutch, and embryos were split across petri-dishes at the time of collection to contain 50 individuals per dish. Animals were euthanized after quantification of GFP expression.
RNA sequencing
Four independent untreated clutches of isg15:GFP animals were screened for GFP expression and separated as GFP-negative and GFP-positive. 30 individuals were pooled per group. Three isg15:GFP and two WT Tubingen clutches were collected at 8dpf. RNA was extracted by mechanical lysis with TRIzol (ThermoFisher) and DNAsetreated. RNA quality was assessed by RNA ScreenTape assay (Agilent Technologies) yielding RIN e scores of ≥ 9.6 for all samples. Libraries were prepared by the High 
Virus genome assembly and annotation
FASTQ reads from all samples were mapped to the GRCz11 zebrafish genome assembly (Ensembl release 94) with STAR version 2.5.1 (Dobin et al., 2013) .
Unmapped reads were assembled into larger contigs with Trinity (Haas et al., 2013) with minimum contig length set to 150. All contigs were searched for nucleotide similarity to all sequences in the NCBI nucleotide (nt) database with BLASTn. For contigs that lacked similarity to known sequences at the nucleotide level, the longest ORFs and protein sequences were predicted for each contig with TransDecoder (https://github.com/TransDecoder/). Predicted proteins were then searched for similarity to sequences in the UniProt UniRef90 database with BLASTp. One contig (1.2 kbp in length) had significant but distant similarity only to a picornavirus protein. A full-length genome for this prospective virus was assembled by carrying out rapid amplification of cDNA ends (RACE) using cDNA prepared with the SMARTer 5'/3' RACE kit (Takara Bio USA, Inc.) from the same RNA that was used for sequencing. The full-length genome was annotated with Genome Annotation Transfer Utility (Tcherepanov et al., 2006) and manually searched for conserved sequences and protein domains with BLAST and HMMER3 (Mistry et al., 2013) . Minimum free energy structures in the UTRs were modeled with RNAfold in the Vienna RNA Websuite (Gruber et al., 2008) . The internal ribosome entry site in the 5' UTR was predicted with IRESfinder (Zhao et al., 2018) . The full genome sequence for the virus we assembled from these sequencing data is available under GenBank accession number MN524064 (in process).
Phylogenetic analyses
Phylogenies were estimated with the concatenated amino acid sequences from the picornavirus 3C protease and 3D RNA-dependent RNA polymerase. Sequences from at least one species of all known genera of picornaviruses were included, as well as all available sequences from picornaviruses that infect fish. All sequences were aligned with T-Coffee in PSI-Coffee homology extension mode (Di Tommaso et al., 2011) , resulting in an alignment of 803 amino acid sites across 65 taxa. Evolutionary relationships were inferred using Bayesian phylogenetic analyses carried out in BEAST version 2.5.2 (Bouckaert et al., 2019) . The Blosum62 substitution model was selected as the best-fit model for the alignment under the Akaike information criterion as determined by ProtTest version 3.4.2 (Darriba et al., 2011) . The rate of evolution was set to 1.0 under a strict clock rate. A Yule model was implemented for the tree prior. The MCMC chain length was set to 10 million generations, storing every 5 thousand. Two independent runs were carried out from unique starting points. Convergence and mixing of phylogenetic tree topologies in these runs were assessed with the RWTY package (Warren et al., 2017) in R v3.6.0, and reached approximate effective sample sizes (ESS) of greater than 800. Convergence and mixing of all other parameters for these runs were determined with Tracer (Rambaut et al., 2018) , and all reached approximate ESS values greater than 2000. A maximum clade credibility tree was generated with TreeAnnotator in the BEAST 2 package. Summarized and annotated trees were displayed with FigTree v1.4.4 (https://github.com/rambaut/figtree/releases).
Searching the Sequence Read Archive for Zebrafish picornavirus
Publicly available RNA-seq datasets were searched with the NCBI SRA toolkit version 2.5.2 using sra-blast with the ZfPV genome as the query sequence. More than 1400 SRA datasets were queried in total, which were selected from the archive based on Boolean searches for the terms "zebrafish" and "intestine", "gut", "skin", "gills", "blood", or "brain". SRA datasets from other tissues were included if they were part of the same BioProject as those identified through the searches above. Non-zebrafish datasets were identified based on searching for "fish" and "intestine" or "gut". 775 datasets from nonzebrafish fish species were investigated. Hits were considered significant if the e-value was ≥ 1e-10. The location of the institutions in which the zebrafish were housed in and the strains that were used for sequencing was determined by inspecting metadata associated with the SRA submissions and with descriptions in corresponding publications if available. To confirm that SRA dataset reads matched ZfPV, FASTQ files from SRA datasets with significant hits were downloaded and aligned to the ZfPV genome with Bowtie 2 (Langmead and Salzberg, 2012) . SAM files were converted to BAM files and sorted with SAMtools (Li et al., 2009) to inspect manually with the Integrative Genomics Viewer (Robinson et al., 2011) . We assembled a full zebrafish picornavirus genome sequence from BioProject PRJNA280983 raw reads, which is available under GenBank accession number TPA: BK011179.
Quantification of virus levels by quantitative real-time PCR
Intestines, gills, and brains were dissected from WT (Tubingen strain) and CG2 adult animals (gift from David Langenau, MGH) of approximately one year of age. All animals were males raised in normal rearing conditions and did not exhibit any overt signs of disease. Tissues were homogenized in 250µl of PBS with a THb Tissue Homogenizer (Omni International) before adding 750µl of Trizol LS Reagent (ThermoFisher) to extract RNA. cDNA was prepared with the SuperScript IV kit (ThermoFisher) using 1µg of RNA for each sample. Quantitative real-time PCR was performed by amplifying a ZfPV target (a 161bp fragment in the 2C helicase) with primers ZfPV_F2 and ZfPV_R2 (Supplemental file 1) and a host reference gene target with primers elfa_F and elfa_R (McCurley and Callard, 2008) using Power SYBR Green Mastermix (ThermoFisher) on a QuantStudio 3 Real-Time PCR System (ThermoFisher). Primer efficiencies were measured by standard curve and were found to be 94% and 101% for elfa and ZfPV, respectively. The comparative C(T) method (Schmittgen and Livak, 2008 ) was used to determine relative levels of ZfPV per sample, which were normalized by dividing the values for all samples by the lowest non-zero value.
Differential gene expression analyses
Transcript abundances were estimated from FASTQ files for all samples with Salmon version 0.14.0 (Patro et al., 2017) in mapping-based mode with the --validateMappings, --seqBias, and --gcBias options flagged. Reads were mapped to a transcript index built from the zebrafish transcripts annotated in Ensembl release 96 and modified to include the full genomic RNA sequence of ZfPV. Gene-level differential expression analysis was carried out by aggregating transcript-level quantification using DESeq2 version 1.24.0 (Love et al., 2014) . Four isg15:GFP samples that spontaneously expressed GFP were compared to two isg15:GFP samples that did not express GFP and two non-transgenic WT Tu samples. Only the GFP-positive samples had reads that mapped to ZfPV. WT 5dpf RNA-seq datasets containing ZfPV reads were identified in BioProject PRJEB12982 (White et al., 2017) with sra-blast. FASTQ files for all 20 5dpf datasets from this BioProject were downloaded and differential gene expression analysis was carried out by comparing all replicates that contained ZfPV reads to those that did not.
Figure Supplements
Figure 2 -supplement 1. Species identities of all 737,608 contigs assembled from reads that did not map to the zebrafish genome during alignment. Most were determined to be from zebrafish and had failed to map as individual reads. The top 3 most abundant genera from other taxa are listed for Bacteria and Eukaryota. One contig was most similar to viruses. 5% of contigs had no similarity to any known nucleotide or amino acid sequence by BLAST. These were predominantly short (~150bp) and repetitive sequences. first compared to their homologs in human. GO terms were assigned based on functional classes having significant enrichment for both species. These analyses were carried out with the XGSA statistical framework for cross-species comparisons of gene sets (Djordjevic et al., 2016) . 
